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Developing Student
Mathematicians

Open-ended Engineering Projects

Activity 1 - option A: Problem-posing. Students can be tasked with finding a client —
someone in their family or communities — to interview about their needs as inspiration for a
personal engineering project. The file “Interviewing Clients for Engineering Ideas” provides
questions a student can use in their interviews. It is available in .doc format, so they can
add space and type notes as they interview. Once
students have ideas, they will need access to a range of
materials to use to make both mock-ups and working
versions of their solutions. Atrightis a project that
middle school students at the Meadowbrook School in
Massachusetts completed. Their client was the Weston
Fire Department and, with support from their teacher,
they designed and built a custom storage system for one
of the department’s trucks. If you look closely, you can
see they used a press-fit design (although | suspect they
then secured the connections with glue and screws.

Activity 1 - option B: Problem-posing. Instead of a
known client, students can engage in a segmentation process and create an imagined
client whose imagined needs might inspire useful inventions. Segmentation involves
narrowing the range of potential customers to identify specific needs. It often focuses on
different demographic categories that students come up with. For each factor, students list
subgroups from which they can choose. For example, one class developed this list:

e Age: child, teen, young adult (20-29), adult, senior (65 and up)

e Height: below average, average, above average

e Economic status: struggling economically, middle class, rich

e Reader: books, magazines, nhewspapers, online, not much

e Employment: works in an office, outdoors, at home, in a factory, on a farm,
unemployed, ...

e Interests: fashion, sports, the arts, board games, science, ...

e Educational level: not yet completed high school, high school grad, college grad,
advanced degree

e Setting: urban, suburban, exurban, rural



Once a class has their list, each student goes through it circling one item (or more, if not
contradictory) for each category and constructs a representative client whose needs they
can consider. This means that from a class-generated list, each student will have their own
set of segmentation choices and a different type of fictional client. In addition to creating
this target client, they can also imagine their life at different times of the day, week, or year
to identify unmet needs. Before students explore their own segmentation options, the
whole class can agree on choices for one client and then brainstorm ideas for needs in
small groups. They will see that the same starting point will still head in different directions
for the ideas that they generate. | once had a class come up with a resident of California
who liked to surf and who lived in a nudist colony (these were middle school students). One
invention that was ultimately proposed for this client was a shower fixture that sprayed
sunscreen on their entire body efficiently. The specificity of different imagined clients can
lead to novel ideas! There is a trade-off in getting too specific and ending with up with what
we call in my family a “unility” — a device with only a single, limited use. It might also be
useful to just one person, but that does not mean it is not an interesting or challenging
engineering project.

Activity 2: Solution Criteria and Evaluation Matrices - Dartmouth emeritus engineering
professor John Collier would remind his students (both those studying engineering and the
many secondary school teachers he taught) that one should think critically about a client’s
comments about their needs. What a client wants may be subject to different biases
including a preconceived notion of a solution route. A well-crafted problem statement that
makes the client’s goals clear and also highlights potentially conflicting objectives can
open up avenues for exploration. Making implied values explicit avoids having a surprised
client reject unexpected solution proposals. Here is an example:

The mayor calls in your consulting team and tells you that people think the main river
through town is too dirty and she is feeling some political pressure about the issue. She
wants you to fix the problem.

What do you do? What do you need to know and clarify before you can proceed?

The above scenario can be shared with students, and they are likely to focus on altruistic
solutions. It might seem that the situation requires a plan to clean up the river. Here are
some questions and alternative plans:

e Who thinks theriver is dirty? Does anyone think it is fine?
e What are the different ways it can be dirty or clean?
e What are the mayor’s goals versus the goals of those raising a concern?



e The concerns may be coming from tourists seeing garbage, fishing enthusiasts,
environmental advocates, people wanting cleaner swimming or drinking water, etc.
These different types of concern imply different solutions.

e The mayor may just see the complaints as a public relations problem, in which case
she may be looking for a cheap and fast public relations solution such as a billboard
(“Rockford’s River — Getting Cleaner All The Time”).

e If more than advertising is required, options might include cleaning the river soitis
hospitable to life; building a water filtration plant; restocking the river with fish each
year; putting more garbage pails near the river; or reducing the sources of pollution
going into the river.

Different solutions can be evaluated by thinking carefully about the different criteria for
success and weighing them against each other. For example, if cost is paramount, a PR
solution might outweigh new water purification infrastructure. If drinking water needs are
essential, reducing pollution sources over the river’s drainage basin (which is very like a
large region extending well beyond the town’s control) might be necessary. Once students
have formulated their problem, and even before they start considering ways to solve it, they
should clarify how they are going to compare and evaluate their possible solution. What
criteria might they meet? How important is each criterion? For example, for the mayor’s
problem, the criteria might be:

o Effectiveness — How much will the solution ameliorate the problem?

e Cost-how much would the proposal cost to carry out, and where would those
funds need to come from and are they available? What are the negative impacts
expressed as costs of the current situation (lost tourism, increased health
problems, etc.)?

e Time - how quickly can the solution be implemented?

e Public Opinion — how much will the solution satisfy people who were unhappy (and
also not antagonize people who did not find the situation to be a problem)?

o Safety - how safe will the solution be to implement and how much will it improve
public safety going forward?

Once students have a list of the most important criteria, they should put them in the
column headings of their Solution Evaluation Matrix (the number of columns and rows can
be adjusted in the file shared with this unit). They begin with a blank matrix:



Add header

PROPOSALS QS

Weighting for each criterion:

Idea A

Idea B

Idea C

Idea D

Idea E

Solution evaluation matrix for Project
Engineers

Then their criteria are added as column headers, and they decide how important each one
is relative to the others. Any weighting approach will work. Simple weighting schemes have
all of the weights add up to 100% or score each criterion independently with a given
number of points that reflect that objective’s value. It is important for students to be clear
about what the scores inside the grid represent. Since the columns are weighted, the
scores should all be on the same scale such as 0 through 10 points. However, a higher
score should consistently mean a better outcome. So, for a criterion such as cost, a
costlier solution should have a lower score. An alternative approach that allows higher just
to mean more, and not necessarily better, is to use negative weights for categories such as
cost or time needed and positive weights for categories where more does indeed mean
preferable.
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Weighting for each criterion 30% 20% 10% 30% 10% 100%
Idea A
Idea B
Idea C
Idea D
Idea E

Solution evaluation matrix for Project Improve the River
Engineers: Patience, Xavier, and Sandy

Activity 3: Brainstorming Solutions. As students work to come up with solutions to their
(real orimagined) client’s needs, they should take time to think broadly about possible
approaches. Not all of the approaches must involve a new physical invention. Sometimes,
the best solution will be a process. When students are brainstorming solutions, the most
important rule is write down every idea, without judgment, regardless of how far-fetched it

seems. Professor Collier loved a story about students ;
trying to figure out how to open walnuts without | A
crushing the nuts inside. Readers of a certain age will
recall a time when nuts were not typically available
pre-shelled, and families would have a nutcracker
such as the one pictured here. The results were often
also as those pictured here with lots of mixed-up shell
and nut crumbs. As the students brainstormed, one
suggested that they blow up the nuts, which generated some laughter and dismissive
comments, but it was added to the list. Over time, the students actually returned to this
idea, but, rather than exert force from outside, they discovered that the nuts were
sufficiently airtight that they could put them in a vacuum and the internal air pressure



would “explode” the shell along its midline and leave uncrushed accessible walnuts inside.
Creative brainstorming thrives when the problem-solvers think expansively and even
playfully.

There are many resources to adopt as you introduce students to open-ended engineering
work. Some wonderful readings that reinforce the exploratory nature of engineering design
and problem-solving are in Engineering the Future: Science, Technology, and Design
Process (ISBN 155953964X). Out-of-print copies can sometimes be found at Abe Books. |
particularly like the discussion of the work done by MIT Engineering Professor Amy Smith

and her team coming up with appropriate cooking fuel for Haitian households and how it
fits into the process of design and experimentation. Another is the Dartmouth Thayer
School of Engineering curriculum that is linked from the MakingMath.org Engineering page.

One point that is worth emphasizing with students (and then honoring with time and
activities in class) is that Engineering is not just hands-on trial and error. By definition,
Engineering is the application of scientific and mathematical ideas to the solution of real-
world problems. Engineering and STEM classes should make sure that the S and M of STEM
are prevalent. If a student is building a structure, they should learn about physical forces
and ways to make sure an object will hold up to the loads being demanded of it. CAD
programs can do these kinds of analyses showing where a design might need
reinforcement to avoid failure or could be slimmed down to be more efficient. Students can
create controlled experiments varying one parameter of a design and measuring its impact
on performance. If students need movement in a product, they can study electricity, the
different types of motors, torque, gear ratios, and much more. Each solution opens up a
window to the study of important ideas in context that is highly motivating for students -
they know why they are carrying out these investigations.
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